The small GTPase Ran has a well established function in nucleocytoplasmic transport [1, 2] , but is also implicated in mitotic spindle formation and nuclear envelope reformation after mitosis [3] [4] [5] . Despite extensive work in a number of organisms, it has remained controversial whether Ran plays a direct role in mitosis, or whether perturbing the Ran GTPase cycle causes mitotic defects only indirectly. Switching from in vivo studies to an in vitro system has greatly benefited the analysis of nucleocytoplasmic transport in the past, and has now been a key to the analysis of Ran function during mitosis.
Extracts prepared from Xenopus laevis oocytes arrested at metaphase of meiosis II (CSF-extracts) have high levels of mitotic kinase activity (cyclin B-Cdk1) and are used to analyse mitotic events in vitro [6] . Addition of demembranated sperm DNA to such extracts, as well as DNAcoated beads, induces formation of a bipolar spindle [7] . This latter finding is particularly interesting as it indicates that neither centrosomes nor kinetochores are essential for bipolar spindle formation in these extracts. When added in excess, several proteins or protein domains induce microtubule asters and spindle-like structures in the absence of DNA. Among those are the microtubule-associated proteins (MAPs) NuMA and TPX2 [8, 9] . Therefore, it was an exciting finding that elevated levels of GTP-bound Ran (RanGTP) in CSF-extracts also result in DNA independent induction of microtubule asters (reviewed in [3] [4] [5] ). Recently, it was shown that Ran also affects microtubule nucleation and stability in Xenopus extracts that contain reduplicated centrosomes and DNA [10] .
Taken together, these findings strongly implicate Ran in a transport-independent function in spindle formation. Three recent publications [11] [12] [13] now reveal that the effect of Ran on aster formation in CSF-extracts is nevertheless mediated via proteins that are required for nuclear transport -the import receptor importin β and its adaptor protein importin α. RanGTP functions by releasing MAPs from complexes with importin α and β. From these findings, the authors propose a model in which the ability of Ran to disrupt importin β-containing complexes not only regulates nuclear import in interphase but also spindle formation in mitosis.
The Ran GTPase cycle in interphase and mitosis
Like all GTPases, Ran exists in two different states: either GTP-bound or GDP-bound. Depending on the nucleotide bound, Ran interacts with several different proteins, most of which have well defined roles in nucleocytoplasmic transport ( [1, 2] and references therein). To change its nucleotide state, Ran needs to interact with regulatory proteins, the GTPase-activating protein RanGAP1 and the guanine nucleotide exchange factor RCC1. Vertebrate RanGAP1 is highly enriched at the cytoplasmic filaments of nuclear pore complexes in interphase, and is diffusely distributed throughout the cell upon nuclear envelope breakdown in prometaphase. There is also some indication that RanGAP1 is enriched at the mitotic spindle but this awaits further analysis. RCC1 on the other hand is concentrated on chromatin throughout the entire cell cycle. Consequently, the locations of RanGAP1 and RCC1 determine the sites for nucleotide specific interactions of Ran.
In interphase, a complete GTPase cycle requires shuttling of Ran into and out of the nucleus. After nuclear envelope breakdown, nucleotide exchange is believed to take place predominantly at condensed chromosomes, while hydrolysis takes place throughout the cell. It is at present unclear whether the activities of RCC1 and RanGAP1 are altered when cells undergo mitosis, but levels of the RanGTPinteracting protein RanBP1 drop significantly in telophase [14] . As RanBP1 both stimulates GTP hydrolysis rates and inhibits nucleotide exchange rates in vitro, alterations in RanBP1 levels may have dramatic consequences for rates of GTP hydrolysis and exchange.
Ran in nucleocytoplasmic transport
Regulated transport of proteins and ribonucleoprotein particles -the 'cargo' -through the nuclear pore complex is accomplished through spatially controlled interactions of the cargo with their respective transport receptors [1, 2] . These receptors recognize small peptide sequences in the cargo, so called import (NLS) or export signals. A prototype receptor is importin β, which recognizes a large number of different NLS-containing proteins, either directly or in association with importin α. Vectorial movement of cargo is accomplished by coupling cargo-receptor interactions to the Ran GTPase cycle. RanGTP binds with high affinity to all receptors of the importin β family, irrespective of whether they are involved in import or export. Association of RanGTP with import receptors disrupts their interactions with import cargo, thus releasing the cargo into the nucleoplasm. In contrast, association of RanGTP with export receptors enhances their affinity for export cargo and is required for export. The distinct intracellular localization of RCC1 and RanGAP1 to the nuclear and cytoplasmic compartment, respectively, ensures that formation and disassembly of import and export complexes take place only in the desired cellular compartment (Figure 1 ).
The translocation of proteins into or out of the nucleus is often used to regulate interactions both spatially and temporally. Temporal regulation has been well established for some cell-cycle-dependent kinases [15] , and may also be true for several MAPs that reside in the nucleus during interphase. TPX2 and NuMA are actively transported into the nucleus during interphase which may segregate them from microtubules until mitosis [9, 16] .
Ran in spindle formation
Yeast cells progress through mitosis without breakdown of the nuclear envelope and depend on Ran-mediated nuclear transport throughout the entire cell cycle. In most other cells, nuclear envelope breakdown takes place in prometaphase and disrupts the strict spatial separation of RCC1 and RanGAP1. Despite these striking differences, Ran has been implicated in both types of mitosis [3] [4] [5] .
Xenopus CSF-extracts have become the system of choice for studying the mitotic function of Ran under conditions that do not require nuclear transport. Elevated levels of RanGTP in these extracts lead to the induction of ectopic microtubule asters and spindle-like structures even in the absence of DNA [3] [4] [5] . What is the mechanism underlying this effect? The three recent studies [11] [12] [13] 
Two proteins that are released from importin β by RanGTP have been identified -NuMA and TPX2 -but there may be several others. An artificial import cargo with a classical NLS was found to induce aster formation in extracts by competitively releasing important components from importin α/β complexes [11] . NuMA and TPX2 also bind to importin α/β. Consequently, their aster-promoting activity may be due to two effects in the extract, one directly on spindle formation, and a second one by competing with other factors for importin α/β binding. One candidate protein is the mitotic kinase cyclin B-Cdk1 which binds directly to importin β [15] . Inhibiting its function would obviously be deleterious for mitotic processes.
What do these findings imply for intact cells? In higher eukaryotes, changes in microtubule dynamics correlate with the onset of nuclear envelope breakdown, and are due in part to the exposure of cytoplasmic microtubules to MAPs and motor proteins that are intranuclear during interphase (for a review on spindle dynamics see [17] ). Upon nuclear envelope breakdown, however, these intranuclear MAPs are also exposed to nuclear import receptors, and could therefore be trapped in inactive complexes. Consequently, cells must carefully control the balance of nuclear transport components even in the absence of a nuclear envelope.
Mitotic defects caused by interference with the Ran GTPase cycle may therefore be explained by the untimely disruption or formation of import and export complexes. Most importantly, the findings described above suggest that the Ran GTPase cycle may be used in mitosis, as in interphase, for spatial control of MAP activities. This could be accomplished through RanGTP-mediated dissociation of complexes consisting of MAPs and importin α/β close to chromosomes, where RCC1 is concentrated, and R258 Current Biology Vol 11 No 7
Figure 1
The RanGTPase cycle in nuclear protein import. RanGAP1-mediated GTP hydrolysis in the cytoplasm and RCC1 mediated conversion of RanGDP to RanGTP are coupled to the translocation of proteins into the nucleus. NLS-containing proteins such as NuMA bind to importin β in the cytoplasm and are subsequently translocated into the nucleus. Binding of RanGTP to importin β releases the cargo from the receptor inside the nucleus, and a RanGTP-importin β complex is formed. Translocation of this complex into the cytoplasm and subsequent RanGAP1-mediated GTP hydrolysis release importin β and allow it to bind another cargo. Finally, Ran re-enters the nucleus where it is converted back to RanGTP by RCC1. For clarity, importin α which is often needed as an adaptor between cargo and importin β, and several other factors participating in this pathway, are omitted.
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re-association of these complexes in the cytoplasm, where RanGAP1 function is predominant (Figure 2 ).
Perspectives
The model for Ran function in mitosis predicts that spindle formation is initiated at the chromosomes through RCC1-dependent generation of RanGTP. Is this model applicable to all cells? In the Xenopus system, microtubules are stabilized along the entire DNA, which correlates well with RCC1 localisation. On the other hand, in somatic animal cells, microtubules are stabilized only at kinetochores, despite the fact that RCC1 is present along the entire length of the chromatin. Moreover, there is some indication that RCC1 -and by inference RanGTP -is not needed for spindle formation in vertebrate cells. This stems from the observation that tsBN2 cells, which have a temperature-sensitive RCC1 protein, enter mitosis prematurely and form a mitotic spindle at the restrictive temperature [18] .
How can these apparent discrepancies be reconciled? Plant cells and some meiotic cells, including Xenopus oocytes, use a centrosome-independent mechanism for spindle formation that requires stabilization of microtubules in the immediate vicinity of chromosomes. These microtubules are subsequently focused at their minus ends into spindle poles. The centrosome-dependent mechanism, believed to be predominant in somatic animal cells, involves nucleation of microtubules at the two microtubule-organizing centers and subsequent stabilization of the microtubule plus ends at kinetochores [17] . It may be that Ran only plays an essential role in centrosome-independent spindle formation. Somatic animal cells may use additional or different mechanisms, for example specific phosphorylation to mask NLSs during prophase. This would ensure that NuMA, TPX2 and other factors are not trapped by importin β upon nuclear envelope breakdown. Both NuMA and TPX2 are mitotic phosphoproteins, but the consequences of phosphorylation are not yet understood [8, 9] . Alternatively, RCC1 activity may be regulated differently in the proximity of and at some distance from kinetochores.
Is the above described mitotic role for Ran conserved in yeast? Budding yeast has nuclear and cytoplasmic microtubules even during interphase [19] . Consequently, changes in microtubule dynamics in these cells cannot easily be explained by the sudden exposure of microtubules to the stabilizing effects of RanGTP near chromosomes. Other regulatory mechanisms such as cell cycledependent transport, phosphorylation of MAPs, or alterations in the Ran GTPase cycle may play a role here.
In addition to the roles that Ran plays in nucleocytoplasmic transport and spindle formation, it has also been implicated in nuclear envelope reformation at the end of mitosis. Two key findings were that beads coated with RanGDP are sufficient to form pseudo-nuclei with intact nuclear envelopes in Xenopus extracts, and that GTP hydrolysis by Ran is required [20, 21] . One may predict that this third function of the Ran GTPase cycle is also accomplished via Ran-transport receptor interactions that allow site specific recruitment of essential factors.
Finally, a burning question is whether the activities regulating the Ran GTPase cycle are altered when cells enter and exit mitosis. This may provide an additional level of regulation of mitotic processes.
Figure 2
The RanGTPase cycle in spindle formation. RanGAP1-mediated GTP hydrolysis takes place throughout the mitotic cytoplasm; RCC1 mediated conversion of RanGDP to RanGTP is believed to occur preferentially at chromatin. NLS-containing proteins involved in spindle formation such as NuMA bind to importin β in the cytoplasm, which may keep them from interacting with microtubules. RanGTP-dependent release of these proteins at chromatin is proposed to account for microtubule-stabilizing effects of DNA and the formation of a mitotic spindle. As in Figure 1 , importin α and several other factors participating in this pathway are left out for clarity. 
